An attempt was made in the present work to study the compressive strength and microstructure of geopolymer containing high calcium fly ash (HCFA) and silica fume. Concentration of sodium hydroxide solution 8M, 10M, 12M & 14M, liquid to binder ratio 0.5 and sodium hydroxide to sodium silicate ratio 2.5 were selected for the mixes. Geopolymer mortar test results indicated that the mix with 40% silica fume by the weight of HCFA yielded higher compressive strength under ambient curing. The XRD pattern typically shows the major portion of amorphous phase of geopolymer. The existence of C-A-S-H gel, N-A-S-H gel and hydroxysodalite gel products were observed through SEM which developed dense microstructure and thus enhanced strength of HCFA and silica fume geopolymer.
INTRODUCTION
The manufacture of cement causes emission of carbon-di-oxide into the atmosphere which results in environmental pollution. The increasing demands on the strength and durability characteristics of cement concrete prompts to add additives or admixtures or both for specific purposes. Geopolymer, an alternative binder produced from strong alumina silicate reactive materials and highly concentrated aqueous alkali hydroxide or silicate solution has potential to lower the significant carbon footprint of cement concrete [1] [2] [3] .
Materials like fly ash, GGBS, bottom ash, silica fume, metakaolin, rice husk ash etc. could be used as alumina silicate reactive materials [4] [5] [6] [7] . Geopolymer made of using class F fly ash and GGBS are relatively common and acknowledged in many places [8, 9] . The most commonly used alkaline activators in geopolymer concrete are combinations of NaOH and Na2SiO3 solutions. It has been established that NaOH possesses greater capacity to liberate silicate and aluminate monomers [10] .
Usually, this alkaline activator is prepared by mixing water, NaOH pellets and Na2SiO3 solution.
Further different alkalis mixtures or other alkali metal systems are being used to obtain required strength and durability. It is important that the solution strictly must be in concentration form to avoid the crystallization of zeolite as the end product rather than an amorphous geopolymer [11, 12] . The compressive strength of geopolymer depends on the type of alumina silicate material and its particle fineness. The fine particles make higher discharge of silica and alumina in the alkali environment and leads to a higher strength geopolymer [13] .
The compressive strength is higher for oven drying as compared to the specimens left in ambient curing [14, 15] . Ambient cured specimens gained their strength without elevated heating mainly because of the presence of high calcium content which has the ability to harden at ambient temperature. It is observed that the strength of the geopolymeric gel, interfacial bonding between the geopolymeric gel and aggregate determine the compressive strength [16] . Previous study also pointed out that crystalline C-S-H phase is formed at higher calcium concentrations, augmenting the strength. As a result of reactions with strong alkaline activators, the co-existence of geopolymeric gel and calcium silicate hydrate (C-S-H) gel resulted in HCFA geopolymer system (Xiaolu Guo et al). However, the strength enhancement of HCFA is not much higher compared to low calcium fly ash in geopolymeric reactions. The geoplymeric reaction of several alumina silicate materials does not participate in same amount of reaction for the same condition. For instance, two types of fly ash perform different reactions. The HCFA geopolymers attain higher strength at early age periods when it is steam cured [17] [18] [19] . The geopolymer prepared from silica fume and GGBS is reported to develop improved strength under ambient curing [20] . The inclusion of silica fume into low calcium fly ash geopolymer optimizes the microstructure and yielded higher strength [21] [22] [23] [24] . Silica fume significantly reduced the porosity and permeability [25] [26] [27] .
Besides, there is no study made on high calcium fly ash with the addition of silica fume in geopolymer. This present study aims to look into the compressive strength and micro structural study on addition of silica fume in HCFA geopolymer.
MATERIALS & EXPERIMENTAL PROGRAM

MATERIALS
Fly ash was collected from Neyveli Lignite Corporation in Cuddalore district of Tamilnadu. The HCFA was ground to become finer by ball mill for 8 hrs. The specific gravity of HCFA was found to be 2.25. The silica fume used in this study was purchased from Coimbatore. The specific gravity of silica fume used in the study was observed as 2.34. The river sand with specific gravity of 2.6 and fineness modulus of 2.1 was also used. Alkaline activators chosen were sodium silicate (Na2SiO3) and sodium hydroxide (NaOH). The sodium silicate solution and sodium hydroxide in flakes were procured from Mercury Sakthi enterprises company, Erode. To make the sodium hydroxide solution, flakes (97-98% purity) were dissolved in tap water. The chemical properties of fly ash and silica fume are presented in Table 2 .1. 
MIX PROPORTION
The present study has High Calcium Fly Ash (HCFA) and silica fume as the source material for the geopolymer mortar. In this experiment, it is proposed to mix HCFA with silica fume contents 0%, 20%, 40%, 60% and 80% by total weight of the dry fly ash. Twenty numbers of mixes were studied.
All geopolymer mortars were made with sand to fly ash ratio of 1:3. Liquid to binder ratio was 0.5.
Sodium silicate to sodium hydroxide ratio was kept as 2.5. 
PREPARATION AND CURING
Fly ash with silica fume and river sand were mixed thoroughly and dry materials were added slowly in the activating solution prepared by dissolving sodium hydroxide pellets in water and mixing with sodium silicate solution. The mixing was continued until a homogeneous mix was obtained. Several mixes were prepared using fly ash, silica fume and river sand in each experimental series. The geopolymer mortar sample was cast in moulds which were compacted by vibrator machine to remove the entrapped air. After the specimens were cast properly, it was wrapped by plastic sheet and left out in ambient temperature for 24 hours and next day it was demoulded. The demoulded specimens were kept in ambient curing until the day of testing.
EXPERIMENTAL TESTING
The mortar specimen's compressive strength was measured by using 70.6 x 70.6 x 70.6 mm size cube specimens. The compressive strength was determined at the age of 3, 7, and 28 days.Also, the micro structural studies on geopolymer mortar samples which yielded significant compressive strength was examined using X-Ray Diffraction (XRD) and Scanning ElectronMicroscope-Energy Dispersive X-ray Analysis (SEM-EDXA).
RESULTS & DISCUSSION
COMPRESSIVE STRENGTH OF HCFA GEOPOLYMER MORTAR WITH SILICA FUME AS AN ADDITIVE
The compressive strength results of HCFA geopolymer mortar mixes with different percentage of silica fumeare presented in It is shown that 40% silica fume mix (8FS40) imparted 38.7%, 52.8% and 59.7% higher the compressive strength than 8FS0 at all the age of testing.
The trend observed in compressive strength results of 10FSgeopolymer mortar is almost similar to that of 8FSgeopolymer mortar mixes. However, the compressive strength of 10FSgeopolymer mortar is comparatively higher than the mixes made with 8FSgeopolymer mortar.
The compressive strength of 10FSgeopolymer mortar was ranging from 29.87MPa (10FS0) to 41.07MPa (10FS40) at the age of 28 days. Also, it can be seen that 10FS40produced maximum compressive strength of 41.07 MPa at age of 28 days. It can be noted that the compressive strength of 40% silica fume mix (10FS40)has gained 37.6%, 32% and 37.1% higher than the reference mix 10FS0at the age of 3, 7 and 28 days. The increase in compressive strength of geopolymer incorporating HCFA and silica fume, on the one hand, may be related to denser microstructure systems. [28] Because of the packing effect of the fine silica fume, particles behave as micro-aggregate filler which disperses in geopolymer and fills the inner space inside the microstructure of geopolymer paste [29] . It is also evident that the higher NaOH concentration resulted higher compressive strength. 
THE MATHEMATICAL REGRESSION MODEL
Based on experimental results, mathematical models for compressive strength and various percentage of silica fume is developed using polynomial regression equation.
COMPRESSIVE STRENGTH PREDICTION MODEL FOR VARIOUS SILICA FUME PERCENTAGES
The model consists of parameters Silica fume content percentage (denoted by s), Compressive strength of specimen in 8M concentration at 3, 7, and 28 days (denoted by 8fc3, 8fc7, and 8fc28 respectively). 
.1 Relationship between Compressive Strength of HCFA Geopolymer Mortar and NaOH concentration
COMPRESSIVE STRENGTH PREDICTION MODEL FOR VARIOUS SODIUM HYDROXIDE
CONCENTRATIONS
The mathematical model was also created by analysing the parameters molar concentration of NaOH (denoted by N) and compressive strength (fc) for various the percentage of silica fume. Where fc is the polynomial regression equation considering the effect of molar concentration of NaOH; the predicted results for 0% silica fume mortar mixes (8FS0, 10FS0, 12FS0, 14FS0) are shown in Fig. 3.2(a) . It was found that the value of correlation coefficient was near to 1, which means this mathematical model can predict the 3, 7, and 28 day compressive strength with very high accuracy due to the selection of appropriate equations. and 80% silica fume contents mixes, the mathematical model is shown in Fig 3.2(c), Fig 3.2(d) and 
MICRO STRUCTURAL ANALYSIS
The higher compressive strength produced specimens were chosen to scan the microstructure and to understand the mechanism of geopolymeric reaction. Scanning Electron Microscope (SEM) with EDAX analysis and X-Ray Diffraction (XRD) were performed for geopolymer mortar powdered sample 14FS0 mix containing 100% HCFA, 14FS40 mix containing 40% silica fume and 60%
HCFA collected at the age of 28 days. The samples were ground to fine powder for micro structural analysis.
XRD ANALYSIS
The XRD analysis results for the mortar specimens 14FS0 (100% HCFA), 14FS40 (40% silica fume, 60% HCFA) are shown in Fig. 3.3 and 3.4 . In the present work, HCFA geopolymer mortar specimen (14FS0) has the X-ray diffraction (XRD) as shown in Fig 3. 3 with huge scattered peak ranging from 20-30º (2θ max). It endorses the existence of quartz, calcite, and anatase in the matrix. Alkaline activators formed major amorphous phase in HCFA geopolymer.XRD pattern presented in Fig. 3 .4 depicts the spectrum of geopolymer mortar prepared with 60% HCFA and 40% silica fume (14FS40). The X-ray diffraction (XRD) spectra illustrates that it has huge scattered peak ranging from 20-30º (2θ max). The major crystalline peak represents the compounds such as quartz, calcite, hematite, boetimite, and hornblende and anatase formation in the matrix. The additional compounds formations are higher in 14FS40 than reference 14FS0. The strength enhancement is evidenced due to the additional compounds formation. Further, the diffractogram indicates minor crystalline phase structure and major amorphous phase similar to 14FS0. 
SEM-EDAX ANALYSIS
The presence of C-A-S-H gel, N-A-S-H gel and hydroxysodalite gel products are identified in both 14FS0 and 14FS40mix sample micrographs as shown in Fig 3.5 and 3.6 . Further, the presence of voids is visible in 14FS0 mix sample. However, the incorporation of silica fume filled the voids and has shown much denser microstructure. The formation of additional gel products due to the incorporation of silica fume particles led to a compact microstructure and enhanced the strength [30] .Thus, it can be stated that the silica fume could increase the strength properties of geopolymer.
EDAX spectrum of 14FS0 and 14FS40 mix sample is given in Fig 3.5 and 3 .6. The result confirms that elements such as silica, alumina, calcium, magnesium, sodium and iron are the dominating elements present in geopolymer mortar. 
CONCLUSION
In this study on HCFA based geopolymer mortar incorporating silica fume, the following conclusions are drawn.
Geopolymer mortar mixes produced noticeably higher compressive strength at all ages at ambient curing temperature when sodium hydroxide concentration was14M. When NaOH molar concentration was increased, the compressive strength of specimens was augmented by 18.4%, 28.5%, and 38.6% for 10M, 12M and 14M respectively. The addition of silica fume with HCFA increased the compressive strength of mortar specimens in all the four molar concentrations of NaOH (8M, 10M, 12M, and 14M) in the range of 20-58%. This is because of the filler effect of the silica fume and denseness of the alkaline liquid. However, silica fume content beyond 40% results in decreasing the compressive strength of mortar specimens. At 8M concentration of NaOH the maximum compressive strength of 38.62MPa was obtained for 40% replacement of silica fume 
